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The posterior parietal cortex (PPC) was long viewed as just involved in the perception
of spatial relationships between the body and its surroundings and of movements
related to them. In recent years the PPC has been shown to participate in many other
cognitive processes, among which working memory and the consolidation and retrieval
of episodic memory. The neurotransmitter and other molecular processes involved have
been determined to a degree in rodents. More research will no doubt determine the extent
to which these ﬁndings can be extrapolated to primates, including humans. In these there
appears to be a paradox: imaging studies strongly suggest an important participation of
the PPC in episodic memory, whereas lesion studies are much less suggestive, let alone
conclusive. The data on the participation of the PPC in episodic memory so far do not
permit any conclusion as to what aspect of consolidation and retrieval it handles in addition
to those dealt with by the hippocampus and basolateral amygdala, if any.
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INTRODUCTION
The posterior parietal cortex (PPC) is involved in a variety of
mental and neural processes, as other articles in this issue attest.
In recent years, it was found to play a key role both in working
memory, and in the making and retrieval of episodic memory.
The role of the PPC in memory was viewed as untraditional by
Olson and Berryhill in 2009.
WORKING MEMORY
There is strong and variegated evidence for a role of the PPC
in working memory (see other articles in this volume). Most
authors propose a role [e.g., (Rawley and Constantinidis, 2009)],
aspartofanextensive workingmemorybraincircuitthatinvolves
dopaminergic mechanisms in regions of the prefrontal cortex
(Goldman-Rakic, 1991; Izquierdo et al., 1998) and hippocampus
(Izquierdo et al., 1998; Aujla and Beninger, 2001)a n dc h o l i n e r -
gic muscarinic (Ingles et al., 1993; Izquierdo et al., 1998), and
nicotinic receptors in the basolateral amygdala (Barros et al.,
2005). Actually there are many types of working memory: for
example, in music, working memory for melody activates the
PPC whereas working memory for rhythm activates the cere-
bellum and the right insula (Jerde et al., 2011), and the pre-
frontal and PPC contributions to spatial working memory are
different (Curtis, 2006). The role of the PPC in working and
long-term memory of spatial tasks is differentially affected by
reversible inhibition of the PPC by the local infusion of lidocaine
(Espina-Marchant et al., 2009).
Working memoryis used both in orderto makeand to retrieve
memories. It is well-known to fail in schizophrenia (Lepage et al.,
2010; Kang et al., 2011)a n dt od e c l i n ew i t ho l da g e( Elliott and
Dolan, 1998) along with the development of an asymmetry of
parietal cortex activation (Otsuka et al., 2008).
There have been several important functional studies of work-
ing memory in animal models in recent years. Very few studies
havetested effects ofdrugsonworkingmemorygivenbymicroin-
jection into the PPC in rats or mice (Izquierdo et al., 1998),
as is usually done in investigations of the role of other brain
regions in this type of memory, or any other for that matter
(Izquierdo et al., 2006, 2007). Our group has reported on the
effect of well-known neurotransmitter antagonists on working
memory measured as immediate memory in the rat (Izquierdo
et al., 1998). Immediate memory is recognized as a measure of
working memory (Goldman-Rakic, 1991;s e eJacobsen, 1936).
In the study reviewed here (Izquierdo et al., 1998), rats were
implanted with chronic bilateral cannulae in the hippocampus,
entorhinal, anterolateral prefrontal, or PPC and were submitted
to a one-trial step-down inhibitory avoidance task, by far the
task most widely used task in memory studies over the past 60
or so years (McGaugh, 1966, 2000; Gold, 1986; Izquierdo et al.,
2007). The animals were given various treatments (the choliner-
gic muscarinic receptor blocker, scopolamine 2.5μg, the gluta-
mate NMDA antagonist, aminophosphonopentanoic acid (AP5)
5μg, the glutamate AMPA receptor antagonist, CNQX 0.5μg,
the GABAA receptor agonist muscimol 0.5μg, or the dopamine
D1 receptor antagonist, SCH233900, 0.5μg) into the structures
reached by the cannulae 5min before training. The doses were
those usual in brain microinjection studies [see (Izquierdo et al.,
1998, 2007) for references]. During training, the animals were
gentlyplacedona3cm-high, 25cm-longplatformfacingametal-
lic grid and left to explore the apparatus freely. In 5–15s all of
them eventually stepped down onto the grid. When they had
placed their four paws on it, they received a mild (0.3mA), very
brief(2s)footshock,wereimmediatelywithdrawnfromtheappa-
ratus, and were placed again on the platform, a procedure that
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took less than 5s. Their step-down latency was measured again,
as an estimation of immediate (working) memory. The drugs
were given 5min before training. They had different effects in
the different structures; all except AP5 were able to markedly
inhibit immediate memory when given into PPC or hippocam-
pus, suggesting that muscarinic cholinergic receptors, dopamine
D1 receptors, and AMPA but not NMDA glutamate receptors
play a role in working memory in these two areas (Izquierdo
et al., 1998). The D1 antagonist studied was SCH23390, the
AMPA receptor antagonist was CNQX, and the NMDA blocker
was AP5. In the anterolateral prefrontal cortex, long known to
play a role in working memory (Goldman-Rakic, 1991; Izquierdo
et al., 1998), SCH23390 also hindered working memory. The data
suggest that the PPC is involved in the processing of working
memory, measured as immediate memory, through biochemi-
cal processes not very different from those used by other brain
structures traditionally known to regulate that form of memory,
like anterolateral prefrontal cortex, hippocampus, and amygdala
(Goldman-Rakic, 1991; Izquierdo et al., 1998, 2007; Aujla and
Beninger, 2001). In the posterior parietal area these processes
apparently involve glutamate AMPA but not NMDA glutamate
receptors, D1 dopaminergic enhancement, and GABAergic down
regulation.
As mentioned, probably the PPC plays its role in working
memory in connection with that of the hippocampus (Izquierdo
et al., 1998; Aujla and Beninger, 2001) and basolateral amygdala
(Ingles et al., 1993; Barros et al., 2005), two structures to which
it is linked by afferent and efferent pathways that relay in the
entorhinal cortex (Ding et al., 2000; Izquierdo et al., 2006).
A number of studies, particularly lesion studies (Pinto-Hamuy
et al., 2004; Espina-Marchant et al., 2009; McVea and Pearson,
2009) have shown a role of the PPC in the long-term con-
sequences of working memory. Since the lesions antecede the
behavioral procedures it is difﬁcult to conclude whether their
deleterious effect is on the working memory itself or on its trans-
fer to short- or long-term memory stores. In electrophysiological
studies on the ﬁring of posterior parietal cells during the walk-
ing of cats through obstacles (McVea and Pearson, 2009; McVea
et al., 2009), the information thus generated can then be kept
during minutes for on-going walking (McVea et al., 2009)o r
for much longer times, when walking again through that path
much later (McVea and Pearson, 2009). Such long-lasting trans-
fers of working memory information must participate in the
engagement of the PPC with the hippocampus in the learning of
spatial navigation (Whitlock et al., 2008)o ra m b u l a t i o n( McVea
et al., 2009), whose memory can of course last for many days
or more.
Constantinidis and his associates (Constantinidis, 2006;
Curtis, 2006; Joelving et al., 2007; Rawley and Constantinidis,
2009) have studied extensively the ﬁring of PPC neurons in
situations that clearly (Constantinidis and Steinmetz, 1996)o r
most likely (Curtis, 2006; Joelving et al., 2007)i n v o l v ew o r k -
ing memory. Among their many key ﬁndings, one is particularly
intriguing: the decreased range in the 5–10Hz frequency range
of such ﬁring during presentations of visual stimuli in a work-
ing memory situation relative to control periods (Curtis, 2006).
This probably resulted from the longer refractory periods in
the former and engagement of local inhibitory circuitry; as the
authors say, this has also been observed in prefrontal regions that
are involved in working memory processing. For other relation
between prefrontal and parietal participations in this processing,
[see (Quintana and Fuster, 1999; Chafee and Goldman-Rakic,
2000; Curtis, 2006)].
A number of authors suggest that the PPC, long known to
be crucially involved in attention (Constantinidis, 2006; Bucci,
2009), is in reality an interface between attention and learn-
ing (Bucci, 2009), and/or part of a larger network involved in
attention which includes the dorsocentral striatum, the lateral
posterior indeed thalamic nucleus and other brain regions (Reep
and Corwin, 2009). The distinction between the mechanisms of
attention and working memory is subtle (Constantinidis, 2006;
Bucci, 2009; Reep and Corwin, 2009), and probably both are dif-
ferent depending on the part ofthe brainexamined. Forexample,
recording experiments in monkeys show that attention is pro-
cessed by signals derived from task demands (“top-down”) in the
prefrontal cortex, but by signals from salient stimuli (“bottom-
up”) in the parietal cortex (Buschman and Miller, 2007). There
have been studies and speculations on the intersection of atten-
tion and memory, which suggest that the PPC may serve to ﬁlter
distractors (Friedman-Hill et al., 2003) and maintains or shifts
internal attention among the representation of items in working
memory (Berryhill et al., 2011).
LONG-TERM MEMORY: ENCODING AND/OR CONSOLIDATION
Encoding is the ﬁrst step in creating a memory. It involves the
perception of sensory signals and their after effects. Immediately
thereafter there is consolidation, which consists of the translation
of those perceptions into brain language [postsynaptic transmit-
ter effects andaction potentials] (Delgado-García,2011)andtheir
formatting into memory ﬁles. Memory is a brain function that
comprises encoding, consolidation, persistence, maintenance,
and retrieval.
Participation of the PPC in long-term episodic memory began
to be realized rather recently and has so far been speciﬁcally stud-
ied by few groups (Rogers and Kesner, 2007; Berryhill et al.,
2007, 2010a,b; Keene and Bucci, 2008; Hutchinson et al., 2009;
Drowos et al., 2010). Some of this work has involved classic ani-
mal (Compton et al., 1994; Rogers and Kesner, 2007; Berryhill
et al., 2007; Keene and Bucci, 2008)o rh u m a n( Berryhill et al.,
2010a,b; Drowos et al., 2010) lesion studies, and typical post-
training microinjection andassaytechniques (Zanattaetal.,1996;
Ardenghi et al., 1997; Izquierdo et al., 1997; Barros et al., 1998;
Schröder et al., 2000; Luft et al., 2004; Bonini et al., 2005; Alonso
et al., 2005) or post-training lesion studies (Rossato et al., 2004).
The formation of long-term episodic memories is not to be
confused with the transfer of working memory to long-term
stores (Richmond et al., 2011). The former relies on a complex
sequence of biochemical events in the hippocampus (Izquierdo
et al., 2007) that are linked to, and probably involve long-
term potentiation (Delgado-García and Gruart, 2006; Whitlock
et al., 2006, 2008; Clarke et al., 2010); related but different
changes occur in basolateral amygdala, entorhinal cortex, and
PPC (Jiménez-Díaz et al., 2006; Izquierdoet al., 2007). The trans-
fer of working memory to long-term stores uses as yet unknown
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mechanisms that probably occur mainly in the PPC and may
maintain or shift the representation of items in working memory
(Berryhill et al., 2011).
The contribution of the parietal cortex to episodic memory in
higher primates including humans is viewed by many as a puz-
zle (Cabeza et al., 2008): whereas an activation of this region is
frequently seen in functional neuroimaging studies of episodic
memory, parietal lesions in primates including man do not nor-
mally cause episodic memory deﬁcits (Cabeza et al., 2008; Schoo
et al., 2011). If the PPC is viewed as part of complex circuits that
mediate consolidation (Izquierdo and Medina, 1997; Izquierdo
et al., 1997, 2006)a n dr e t r i e v a l( Izquierdo et al., 1997; Barros
et al., 2000, 2001), the “puzzle” might be explained by the pos-
sibility that other regions of the brain take over the role of the
PPC in consolidation and retrieval, or by the probability that the
role of the PPC in both processes is accessory rather than central
(Izquierdo et al., 1997, 2006). In rats, pharmacological inactiva-
tion (Pinto-Hamuy et al., 2004; Espina-Marchant et al., 2009)o f
the PPC or inhibitors of protein kinases A (Zanatta et al., 1996;
Ardenghi et al., 1997; Izquierdo et al., 1997; Barros et al., 1998),
protein kinase C (Bonini et al., 2005) or of extracellularly regu-
lated kinases (ERKs), or a glutamatergic NMDA receptor blocker
oraGABA-AagonistgivenintothePPChavestrongpost-training
amnesic effects (Alonso et al., 2005). Post-training lesions of the
PPC, unlike those produced in the hippocampus, are amnesic for
idiothetic information memory in the rat (Okaichi et al., 2006).
It is to be noted, however, that unlike in the hippocampus or the
amygdala (Cammarota et al., 2008) in the parietal cortex these
amnesic effects are obtained with delayed (i.e., >90min) rather
than with immediate post-training administrations (Zanatta
et al., 1996; Izquierdo et al., 1997). This has been attributed to a
delay caused by the entorhinal cortex station between hippocam-
pus and/or amygdala and parietal cortex (Izquierdo et al., 1997,
2007); indeed the drug effects are seen when the drug treat-
ments are given 30min post-training in the entorhinal cortex
(Izquierdo et al., 1997), and 90 or 180min but not 0–60min
post-training in the PPC (Rossato et al., 2004). Treatments that
stimulate protein kinases given into the PPC enhance episodic
retrieval when given 90min post-training (Ardenghi et al., 1997);
so does the indirect GABAA receptor antagonist, bicuculline
(Luft et al., 2004).
Thus, some of the molecular components of the role of the
PPC in memory encoding or consolidation have been identiﬁed
by pharmacological means; i.e., by the microinfusion of a vari-
ety of drugs into this structure bilaterally at various times in the
post-training period (Ardenghi et al., 1997; Izquierdoet al., 1997;
Barros et al., 1998; Schröder et al., 2000; Luft et al., 2004; Alonso
et al., 2005; Bonini et al., 2005); others by measuring biochemi-
cal changes in this structure at those times (Alonso et al., 2005;
Izquierdo et al., 2007). They were found to participate, as said,
beginning 60–90min post-training, i.e., 60–90min after the par-
ticipation of the hippocampus and the basolateral amygdala in
consolidation, and30 orsomin after that ofthe entorhinal cortex
(Izquierdo and Medina, 1997; Izquierdo et al., 2006).
When infused into the PPC 1h after training, recombinant
BDNF (brain-derived neurotrophic factor) increased, and an
antibody against BDNF decreased, both short- and long-term
memoryofone-trialinhibitoryavoidance,andpCREB/CREBlev-
els in that structure. The effects of BDNF or its antibody did not
correlate with changes in local activity of ERK1, ERK2, or PKA,
which suggests they were not mediated by changes in the activ-
ity of these enzymes (Alonso et al., 2005). These results are of
importance since BDNF is known to stimulate growth of recently
stimulated synapses (Nagappanand Lu, 2005)an dbe causeoft h is
has been attributed role in consolidation (Alonso et al., 2002)
and post-consolidational mechanisms favoring memory persis-
tence (Bekinschtein et al., 2007). They enhance the postulation
of PPC as a brain region crucial for memory formation (Alonso
et al., 2005).
It is yet not known just in what aspects or components of
episodic memory formation the PPC is involved or plays a role.
Bilateral damage to this area does not impair associative mem-
ory for paired stimuli, which suggests it should be involved not in
the Pavlovian association but in other aspects of episodic mem-
ory (Berryhill et al., 2010a). Some studies suggest a role in the
emotional component (Weymar et al., 2011), which, as is known,
is at the root of memory persistence (McGaugh, 2000; Izquierdo
et al., 2007) and in humans at least is widely believed to be
alwayspresentto some degree. Others suggestarolein attentional
components (Sestieri et al., 2011) which may be important in
encoding orconsolidation.Inalllikelihood,whatevertherole,the
PPC probablydoes not playit alone, butin association with com-
plex circuits including the hippocampus, amygdala, entorhinal
cortex (Izquierdo et al., 2007) and prefrontal regions (Sohn et al.,
2005). In contrast to several other structures that are involved
in consolidation, such as the hippocampus, basolateralamygdala,
entorhinal,andatleastpartsoftheprefrontalcortex [recentnega-
tive pharmacologicalﬁndings suggestthatthe PPCis notinvolved
in extinction] (Myskiw et al., 2010).
Kesner and associates (Chiba et al., 2002) studied two vari-
ants of a continuous recognition procedure in rats, a con-
tinuous reinforcement condition reﬂecting perceptual memory
and a differential reinforcement condition reﬂecting episodic-
like memory in a 12-arm radial maze. [For a discussion on
what is episodic memory in rats, see (Kart-Teke et al., 2006)].
They showed a double dissociation between the parietal cor-
tex, whose lesions impair performance in the continuous (per-
ceptual) condition but not in the episodic-like situation, and
the hippocampus whose lesions caused just the opposite. These
ﬁndings are at odds with the relatively large literature from
our group on the similar effects of amnesic treatments given
into the hippocampus or the PPC in episodic memory mea-
sured in a one-trial avoidance task in rats. Certainly the type
of task and the motivational and perceptual aspects involved
c o u l dp l a yam a j o rr o l ei nl e s i o no rd r u ge f f e c t s ;b u tt h eo n e -
trial avoidance task is no doubt acquired and retrieved through
episodes, and it has biochemical/electrophysiological correlates
in hippocampus that are very similar to those of other aversive
(Izquierdo et al., 2006; Whitlock et al., 2006)o rn o n - a v e r s i v e
tasks which are clearly episodic in nature (Clarke et al., 2010)
and, save for the differences in time-course, similar to those
that may be described for the PPC [see above and (Izquierdo
et al., 1997, 2007) ] .I na n o t h e rs t u d y ,K e s n e ra n dh i sc o w o r k -
ers suggested that whereas the hippocampus is necessary for
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metric representations, the parietal cortex would be necessary for
topological representations (Goodrich-Hunsaker et al., 2005;s e e
Kesner, 2009).
The interplay of the PPC and the main areas that under-
lie memory, such as the hippocampus (Izquierdo et al., 2007)
involves probably a very wide variety of processes and functions
mediated by relays in the entorhinal cortex and connections with
other cortical and non-cortical regions (McCormick et al., 2010).
Some of the interactions involve the action of hormones or other
substances on both the hippocampus and the parietal cortex,
of which 11-beta-hydroxysteroids like glucocorticoids may be an
example:adehydrogenaseforsuchsubstancesisexpressed inboth
brain regions and increases with aging (Holmes et al., 2010).
Glucocorticoids modulate a variety of memory-related processes
(Schwabe and Wolf, 2011).
The participation of the PPC in memory consolidation long
after the hippocampus and the basolateralamygdala havedoneso
may represent a ﬁnal, but perhaps not indispensable, “approval
signature”onthewholeprocessinitiated bythehippocampusand
the amygdala (Izquierdo et al., 2006).
RETRIEVAL OF LONG-TERM MEMORY
Many studies suggest that the PPC regulates retrieval and others
that it is speciﬁcally in charge of recognition (Rugg and Curran,
2007; Haramati et al., 2008; Weiss et al., 2009; Winters and Reid,
2010; Weymar et al., 2011). Retrieval is supposed to englobe
both recall and recognition. Many view the dichotomy between
recall and recognition as ﬂimsy [see (Olson and Berryhill, 2009)].
In many behaviors one cannot see one without the other. Even
in animal tasks deﬁned as recognition tasks (object recognition,
social recognition) there must be recall prior to or together with
recognition; if characteristics of the recognized object are not
recalled there can be no recognition. The word “recognition”
means “cognition again” or “renewed cognition”; i.e., “to know
again.” In order to “call again” (recall) a memory, animals must
“know” what they are calling. However, there can be of course
recall without recognition: animals may “remember” without
really knowing what they remember.
Recognition is believed to result from two processes: recollec-
tion and familiarity (Weymar et al., 2010). Evoked potential and
other studies suggest that the hippocampus and parietal cortex
are involved with the former and the prefrontal cortex and amyg-
dala are involved with the latter (Rugg and Curran, 2007; Farovik
et al., 2011; Weymar et al., 2011). The recollection process can
be inhibited by systemic propranolol in humans (Weymar et al.,
2011)a n dd e c l i n e sw i t ha g e( Friedman et al., 2010).
It has been known for a long time that retrieval is not a passive
process, but rather one that requires active construction (Barros
et al., 2000; Flavell et al., 2011). Several molecular events are
recruited at a short notice in a number of brain areas, mostly
cortical, and are required for retrieval, including recall and recog-
nition; some of these events are similar to those of consolidation,
but their time-course is compressed into a few seconds, rather
than distributed over hours (Barros et al., 2000, 2001; Szapiro
et al., 2000).
In any case, clearly the PPC participates in the retrieval of
one-trial inhibitory avoidance. The localized bilateral infusion
of the dopamine D1 agonist SKF38393, noradrenaline, the
5HT-1A antagonist NAN-190, or of the muscarinic stimulant
oxotremorine into the PPC 0min prior to a 24h retention test
session of one-trial step-down inhibitory avoidance enhances
retention test performance. The localized bilateral infusion of
the D1 antagonist SCH23390, of the β-noradrenergic antag-
onist timolol, of the 5HT-1A agonist 8-HO-DPAT (hydroxyl-
dipropylaminotetraline) and of the muscarinic antagonist scopo-
lamine hinders retention test performance. Three hours after the
infusions, retention test performance returned to normal in all
cases. None of these treatments affected locomotion or rearing in
an open ﬁeld or behavior in the elevated plus maze. Therefore,
their effects on retention testing can be attributed to an inﬂu-
ence ononeorotherorallcomponentsofretrieval.Inconclusion,
memory retrieval of this apparently simple task requires the par-
ticipation of CA1, entorhinal, posterior parietal and anterior
cingulate cortex, and is strongly modulated by, dopaminergic D1,
β-noradrenergic,muscariniccholinergic, and5HT1Areceptorsin
the four areas. The ﬁrst three types of receptor enhance, and the
latter inhibits, retrieval (Barros et al., 2001). In addition, the glu-
tamate NMDAreceptor blocker,AP5,the AMPAreceptor blocker,
6,7-dinitroquinoxaline-2,3 (1H,4H) dione (DNQX), and various
glutamate metabotropic receptor antagonists also block retrieval
when infused into the PPC (Barros et al., 2000; Szapiro et al.,
2000).
Concerning the molecular mechanisms involved in retrieval
beyond the receptor level in the PPC, infusion into that structure
5min before retention testing of the ERK inhibitor PD098050, or
of the inhibitor of the cAMP-dependent protein kinase (PKA),
Rp-cAMPs inhibit retrieval, whereas infusion of the PKA stim-
ulant, Sp-cAMPs enhances retrieval of the inhibitory avoidance
task (Barros et al., 2000; Szapiro et al., 2000). All these drugs,
at the same doses, had been previously found to alter long-term
memory formation of this task.
PPC AND MEMORY: OVERVIEW
Data suggest a key role of the PPC in working memory of
various types, alongside and possible in cooperation with that
of the anterolateral prefrontal cortex and hippocampus, and
involving different neurotransmitter combinations than those
in these other structures. In addition, the PPC also plays an
important and necessary role in the memory consolidation
of at least one-trial inhibitory avoidance. This role is exerted
90–180min after that of the hippocampus and basolateral amyg-
dala, and requires more or less the same molecular processes
used by these two other regions: glutamatergic transmission
down regulated by GABAA synapses, and activation of the ERKS
and the protein kinases A and C. At the time of retrieval,
the PPC is required alongside the hippocampus, basolateral
amygdala, entorhinal cortex, and anterior cingulate cortex. It
requires, like these other structures, unimpeded ERK and PKA
function, and is regulated positively by β-noradrenergic, D1-
dopaminergic, and muscarinic cholinergic receptors, and down
regulated by serotonin-1A synapses. Therefore, the PPC may be
viewed as an important member of the neuralnetworks that gov-
ern working memory and the formation and retrieval of episodic
memory.
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